1-x)BaTiO 3 -xCaCu 3 Ti 4 O 12 ceramic powders (where x = 0, 0.02, 0.04, 0.06, 0.08 and 1) were synthesized by solid state reaction method and sintered at up to 1250°C. Phase formation, elemental composition and microstructure of all the samples were investigated by XRD, EDX and FESEM, respectively. The BT-CCTO ceramic samples corresponding to x = 0.04 content showed the best dielectric properties. The improvement of dielectric properties was attributed to the presence of oxygen vacancies. Ferroelectricity was retained for CCTO content up to x = 0.06.
I. Introduction
High dielectric constant materials are widely used in microelectronic devices due to small capacitive components which provide the opportunity of size reduction of the electronic devices [1, 2] . Barium titanate (BaTiO 3 , BT) based perovskite ferroelectrics possess high dielectric constant (ε r ) and low dielectric loss (tan δ) [3] . However, they possess a maximum value of ε r at transition temperature (T C ), which is above the room temperature (RT), and the sharp phase transition at T C has high temperature sensitive dielectric properties. Also, successive phase transitions of this system make the dielectric properties temperature dependent, which is not suitable from device application point of view [4] [5] [6] . Temperature stability of the dielectric properties of BT system can be enhanced by preparing its solid solutions with other compounds having temperature independent dielectric properties [4] . The crystal structure, microstructure and dielectric properties of BT ceramics can also be improved by doping with small concentrations [7, 8] .
Calcium copper titanate (CaCu 3 Ti 4 O 12 , CCTO) is a non-ferroelectric perovskite type material, possessing a gigantic value of ε r at RT. This system shows the high value of ε r ∼ 10 4 -10 5 , which is independent of fre-quency (10 2 -10 6 Hz) and is almost constant in the 100-600 K temperature range [9] [10] [11] [12] . CCTO ceramics neither exhibit any phase transition nor a crystal structure change in the temperature range of 35-1273 K [6] . The high dielectric constant of CCTO system is accounted in terms of extrinsic effects. The widely accepted mechanism for high ε r in non-ferroelectric ceramics is an internal barrier layer capacitance (IBLC) model. In this model, the giant dielectric response is associated with the grain-boundary IBLC effect in the CCTO system [13, 14] . The IBLC model is applicable to the ceramics which shows electrical microstructural heterogeneity, where the grain boundaries are highly resistive, much more than the grains, giving rise to high capacitance and thus the giant permittivity of the system [15, 16] . In spite of seemingly important possible applications of these high ε r non-ferroelectric materials, tan δ of these materials is too high, which hinders the use of these materials in practical application [17] . Therefore, materials with high ε r , low tan δ and good temperature and frequency stability over a wide range are highly desired to be used in multilayer capacitor applications. With the incorporation of CCTO into the BT system, we expect an improvement in the dielectric properties along with the retention of ferroelectric properties.
In the present work, (1-x)BT-xCCTO samples are synthesized by solid state reaction route. Structural, surface morphological, dielectric and ferroelectric proper-ties were analysed by XRD, FESEM, EDX, dielectric spectroscopy and ferroelectric measurements.
II. Experimental
BaTiO 3 -based ceramic powders with different amount of CaCu 3 Ti 4 O 12 ((1-x)BaTiO 3 -xCaCu 3 Ti 4 O 12 , BT-CCTO, where x = 0, 0.02, 0.04, 0.06 and 0.08) were prepared by solid state reaction method. For comparison, the pure CaCu 3 Ti 4 O 12 powder was also prepared by the same method. BaCO 3 (CDH with > 99% purity), TiO 2 (MERCK with ≥ 98.5% purity), CaCO 3 (MERCK with ≥ 98.5% purity) and CuO (SD's with ≥ 97% purity) are used as the starting precursors. The stoichiometric amounts of the precursors were taken in polyethylene container along with zirconia balls and acetone as the grinding medium and were ball milled for 16 h. The milled BT and BT-CCTO powders were then dried and calcined at 1100°C for 4 h with a slow heating rate of 5°C/min in air atmosphere, and only the pure CCTO powder was calcined at 1050°C for 4 h. The calcined powders were then mixed with polyvinyl alcohol (3 wt.%) as binder, ground and pressed by hydraulic press to form pellets of ∼1 cm diameter and ∼0.1 cm thickness. The BT pellets were sintered at 1250°C for 4 h, and the pellets of the pure CCTO were sintered at 1100°C for 8 h, with a slow heating rate of 5°C/min in air atmosphere. The BT-CCTO pellets with x = 0.02 were sintered at 1250°C for 4 h, whereas the BT-CCTO pellets having x = 0.04 to 0.08 were sintered at 1150°C for 4 h, with a slow heating rate of 5°C/min in air atmosphere.
X-ray diffraction (XRD) technique (Rigaku Ultima IV X-ray diffractometer, Tokyo, Japan) was used to identify the purity of phase of the calcined powders and sintered pellets. XRD patterns were obtained by Cu Kα source with 2θ ranging from 20°to 80°and a scanning rate of 6°/min, The experimental density of the sintered pellets was measured by the Archimedes principle, using kerosene oil as an immersion liquid. For micrograph images, the sintered pellets were coated with Au electrode and the images were obtained using a field emission scanning electron microscope (FE-SEM, NOVA nano SEM). For electrical measurements, silver paste was deposited on both flat surfaces of the sintered pellets and fired at 400°C for 30 min for good electrical contact. Dielectric parameters such as ε r and tan δ as a function of frequency and temperature were measured by using a precision LCR meter (HIOKI3532-50 LCR-HITESTER). RT polarization vs. electric field (P-E) loops were obtained by using Radiant precision premier II.
III. Results and discussion
3.1. Structure Figure 1a shows the XRD pattern of the calcined samples. The results confirm the single-phase formation in the pure BT (x = 0) and CCTO (x = 1) ceramic powders. XRD pattern of the BT-CCTO calcined powder with x = 0.02 shows the presence of BT phase peaks only. However, with the increase in x fraction, CuO phase is observed for the ceramic sample with 4 mol% of CCTO (x = 0.04). With the further increase in x fraction, XRD peaks of CuO along with CCTO and an impurity phase (IP) are observed. Figure 1b shows the XRD pattern of the sintered ceramics. XRD patterns of the pure BT (x = 0) and CCTO (x = 1) ceramic samples have sharp and well-defined single-phase peaks having tetragonal and cubic structure, respectively. There is a splitting of XRD peak at 2θ ∼ 45°of the BT ceramics, which confirms the tetragonal structure of BT [18] . The BT-CCTO ceramic samples with x = 0.04, 0.06 and 0.08 show the presence of a major BT phase with minor secondary phase peaks of CuO. The presence of minor secondary phase XRD peaks can be explained with the fact that decomposition of CCTO ceramics occurs at high processing temperatures [6, 13] . Whereas, the BT-CCTO ceramic samples with x = 0.02 have BT single-phase structure, which could indicate on the formation of solid solution with BT system. The ionic radius of Ca 2+ is 1.34 Å and that of Ba 2+ is 1.61 Å. Due to the smaller ionic radii of Ca 2+ ions in comparison to larger Ba 2+ ions, Ca 2+ ions can occupy Ba 2+ ions site in BT lattice. The ionic radius of Cu 2+ is 0.73 Å, which is very close to the ionic radius of Ti 4+ ions. Therefore, Cu 2+ ions can occupy Ti 4+ site in BT lattice [19] . There is also a peak splitting observed at 2θ ∼ 40°for the BT-CCTO ceramic samples with x = 0.04 to 0.08. This is due to the presence of CuO phase (matched with JCPDS No: 74-1021) at the same peak position as that of BT phase peaks (matched with JCPDS No: 75-1169), which merges and thus causes peak splitting. However, there is no peak splitting observed for x = 0.02 ceramic samples because of the absence of any CuO phase.
Experimental density (d exp ) of the sintered ceramic samples were calculated by using Archimedes formula [20] :
where, w dry and w sus are the dry and suspended weights of the ceramic samples and d k = 0.81 g/cm 3 is the density of kerosene oil, respectively. The densities of the sintered BT-CCTO ceramics have general trend to decrease with the increase of CCTO content (Table 1) . However, only the sample having x = 0.04 shows different behaviour. Here, density of the prepared ceramic samples is associated with two factors: i) occupancy of Ba 2+ ions site by Ca 2+ ions which results in decrease of density [21] and ii) presence of CuO grains in BT system which results in increase of density [13] . The highest density (similar with that of the pure BT) of the BT-CCTO with x = 0.04 indicated on the already mentioned structural changes related to formation of secondary phase. Thus, the complementary cancellation of occupancy of Ba 2+ by Ca 2+ ions and segregation of CuO grains on the grain boundary could have the observed effect on density in the BT-CCTO system [13] . Figure 2 shows the FESEM micrographs of the sintered ceramic samples. Dense microstructures are ob- served in all the ceramic samples. The pure BT ceramics (x = 0) has large polyhedral grains, whereas the pure CCTO ceramics (x = 1) has polyhedral grains with signs of melted phase present at the grain boundaries. The melted phase at grain boundaries is found to be rich in CuO, as confirmed by EDX study (Fig. 3a) . The BT-CCTO ceramic samples with x = 0.02 has uniform microstructure consisting of single-phase grains. However, the sintered ceramics with higher CCTO content (i.e. x = 0.04, 0.06 and 0.08) show a bimodal grain size distribution, one with larger elongated grains of few micrometers (1.90 to 2.02 µm) and other smaller polyhedral grains of hundreds of nanometers (250 to 290 nm). As confirmed from the EDX study (Fig. 3b ), larger grains have the higher amount of Cu and O, and smaller grains contain more Ba, Ti, O along with Ca. This confirms the occupancy of Ca 2+ ions at the Ba 2+ site. The average grain size was calculated by using the linear intercept method and the results are given in Table 1. The average grain size of BT ceramics decreases with increase in x content. However, a drastic decrease in the grain size is observed when the CCTO content increases from x = 0.02 to 0.04 and thereafter remains almost the same (for the ceramic samples with x = 0.06 and 0.08). The drastic decrease in average grain size of BT from x = 0.02 to 0.04 ceramic samples is due to the presence of large elongated CuO grains, which inhibits grain growth of BT grains. However, from x = 0.04 to 0.08 ceramic samples, no significant variation in the grain sizes is observed. This indicates that both types of grains are present in the samples, which inhibits grain growth. Figure 4 shows the RT frequency dependence of ε r and tan δ of the sintered BT-CCTO ceramics and RT values of ε r and tan δ at 1 kHz are given in Table 2 . Dielectric constant (ε r ) decreases with an increase of frequency for all the ceramic samples attributed to the decrease in net polarization of the ceramics [22] . Dielectric loss (tan δ) is high at low frequency and generally decreases with the increase of frequency for all the ceramic samples except for the pure CCTO (x = 1), where tan δ is low at a lower frequency and increases with an increase of frequency. The higher tan δ values at low and high frequency suggest the presence of dielectric relaxation process [23] .
Dielectric and ferroelectric properties
The high value of ε r is observed for the CCTO system, which is attributed to the internal barrier layer capacitance (IBLC) mechanism [15] . This mechanism suggests the presence of electrical microstructure in-homogeneity in the ceramics, consisting of less resistive grains surrounded by high resistive grain boundaries. Thus, the grains serve as conducting plates and the grain boundaries serve as a dielectric material between the plates, together forming a number of parallel capacitors within the ceramics which increases the total capacitance thereby enhancing ε r value [24] . From the microstructure and EDX studies of the pure CCTO, it is clear that the grain boundaries are rich in CuO phase which develop insulating layers in between the grains, and grains being more conducting than that of the grain boundary layers supports IBLC model.
Values of ε r and tan δ are found to increase with the increase of x content, but only for the sample BT-CCTO with x = 0.04 low tan δ values are observed ( Fig. 4) . High value of tan δ at low frequency of the BT-CCTO ceramics with x = 0.02 can be accounted in terms of increase in space charge polarization [25] . As can be seen from Fig. 1b , in the BT-CCTO ceramics with x = 0.02, XRD peaks corresponds to BT phase without any secondary phase. Moreover, the grain size of ceramic samples having x = 0.02 is higher than for other BT-CCTO ceramics. The absence of any secondary phase peaks and larger grain size of the BT-CCTO ceramics having x = 0.02 can facilitate large mobile charge accumulation at grain boundaries, thereby increasing space charge polarization, which increases its tan δ value [26] . Increase in ε r value with the increase of x content may be associated with the increase in amount of oxygen vacancies in the BT-CCTO samples [27] . Cu 2+ (0.73 Å) ions have ionic radii close to Ti 4+ (0.61 Å) ions, which can occupy Ti 4+ ions site in BaTiO 3 lattice. However, Cu 2+ has lower valence state compared to Ti + 4 , which can create negative charges in the doped BT system. In order to compensate these negative charges, oxygen vacancies are created [27] . Therefore, with the increase in x content, the amount of oxygen vacancies can be increased and thereby the dielectric constant of the BT-CCTO samples is increased [19, 28] . Among all the BT-CCTO samples, the one with x = 0.04 shows best dielectric properties with high ε r value and low loss which makes this system suitable for capacitor applications. Figure 5 shows the temperature dependence of ε r for the sintered ceramics at different frequencies over a temperature range of 30-200°C. Dielectric constant of the pure CCTO ceramics (Fig. 5f ) remains constant with an increase in temperature up to 200°C for all the frequencies except at 1 kHz, where the ε r value starts rising ∼150°C onwards. Whereas, for the pure BT and BT-CCTO ceramic samples, ε r value continuously increases with the increase in temperature up to the transition temperature (T C ), thereafter it starts decreasing with the further increase in temperature. Increase in ε r value up to T C temperature is due to the increase in the space charge polarization and a decrease in ε r value after T C is due to the phase transition from ferroelectric to paraelectric phase [29] . T C value of the sintered ceramic samples at 1 kHz is given in Table 2 . T C value of BT system is found to be ∼149°C. There is a shift in T C towards higher temperatures with the increase of x from 0.02 to 0.08. This is due to the substitution of Ba 2+ with Ca 2+ ions at A site [30, 31] and can be explained in terms of increase of the tolerance factor (t) given by the following equation:
where, R A , R B and R O are the ionic radii of A and B site cations and oxygen anion, respectively. Thus, when Ca 2+ ions with smaller ionic radii occupy Ba 2+ ionic site in BT system, t value is found to increase and causes increase in T C value of doped BT ceramics [32] . The pure BT system shows a sharp phase transition at T C while the BT-CCTO ceramic samples show diffusive phase transition. The degree of diffusiveness in phase transition for the investigated ceramic samples is calculated by using the modified Curie-Weiss law, given by the following relation [33] :
where, ε r is the value of dielectric constant at temperature T , ε m is the maximum value of dielectric constant at temperature T = T m , C is the Curie constant and γ is the diffusivity factor which gives information regarding the behaviour of phase transition. The value of γ varies between 1 to 2, and if γ = 1 ceramics behaves as normal ferroelectrics while γ = 2 suggests its relaxor behaviour [34] . Figure 6 shows the variation of ln(1/ε r − 1/ε m ) vs. ln(T − T m ) of the sintered ceramics at a frequency of 1 kHz. All the ceramic samples show linear behaviour and the value of γ is calculated by using a least square fitting method ( Table 2 ). Value of γ increases with an increase in x content, indicating an increase in diffusiveness of the BT-CCTO ceramic samples. This diffusiveness suggests the occurrence of the intrinsic disorder by the replacement of the Ba 2+ ions by the Ca 2+ ions [30, 35] . Figure 7 shows RT P-E hysteresis loops of the sintered ceramic samples. The presence of well saturated P-E hysteresis loop in the pure BT (x = 0) ceramics confirms its ferroelectric nature. However, saturation polarization decreases with the increase in x content and becomes lossy for the BT-CCTO with x = 0.08, thereby losing its ferroelectric nature [36] . P-E loops are characterized by the coercive field (E c ) and remnant polarization (P r ). These properties ( Table 2) sample with x = 0.04 has the lowest E c with the lowest dielectric loss. In addition, P r value decreases with increase in x content from 0.02 to 0.04, which is related to the decrease in grain size of the ceramics [37] . The increase of x to 0.06 causes increase of P r and it does not automatically mean the increase of ferroelectric nature of the samples. Thus, area of P-E loop increases due to increase in dielectric loss [38] and the sharpness of the loop decreases because of the increase in electrical conductivity [39] . Finally, for the BT-CCTO ceramics having x = 0.08 there is no saturation of P-E loop and it is characterised as a complete lossy material [36] .
IV. Conclusions
(1-x)BaTiO 3 -xCaCu 3 Ti 4 O 12 ceramic powders (where x = 0, 0.02, 0.04, 0.06 and 0.08) were prepared by solid state reaction method. For comparison, the pure CaCu 3 Ti 4 O 12 powder was also prepared by the same technique. The powders were uniaxially pressed and sintered at temperatures up to 1250°C. Separately, single-phase formation in the pure BT (x = 0) and CCTO (x = 1) ceramic powders was confirmed from XRD study. The presence of secondary CuO phase (confirmed by XRD and EDX analyses) and bimodal grain size distribution (confirmed by FE-SEM analysis) were identified in the BT-CCTO ceramics having x = 0.04 to 0.08. Among all the BT-CCTO ceramics, the samples with x = 0.04 showed best dielectric properties at RT with dielectric constant of ∼1582, low dielectric loss of ∼0.07 at frequency of 1 kHz and diffusive phase transition with a high order of diffusivity (γ = 1.62) which makes this system suitable for capacitor applications. Transition temperature from ferroelectric to paraelectric phase increased with the increase of x content and among BT-CCTO ceramics the highest remnant polarization of P r ∼ 3.65 µC/cm 2 was measured in the sample having x = 0.06.
